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Naturally colored silks are not durable and apt to fade during fabric processing and home laundering due
to the unstable pigment composition and the accumulation of pigment in the surface sericin layer. In this
study, the pigment of naturally yellow-colored silk was isolated, characterized and quantiﬁed. A domi-
nant pigment composition identiﬁed by NMR analysis was all-trans-lutein and other ﬁve components
were identiﬁed as all-trans-neoxanthin, all-trans-violaxanthin, all-trans-a-carotene, all-trans-b-carotene
and 9-cis-b-carotene, according to their characteristic UVeVis spectra and EI-MS data. All six carotenoids
were accumulated in sericin layer and exhibited a remarkable decrease in total content in the outer layer
(220 mg/g), middle layer (117 mg/g) and inner layer (50 mg/g) of the cocoon shell as determined by
analyzing the reeled ﬁber from one end to the other.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Naturally colored silks (NCSs) are referred as those cocoon silk
ﬁbers endowed with natural pigments by the silkworms. Respec-
tively wild silkworms, such as A. pernyi, A. yamamai and Sat-
urniidae, are known for producing silk cocoons with brown, green
and golden yellow color [1,2]. A fewmutants of domestic silkworms
(B. mori) have been found to spin cocoons in a pink, ﬂesh, salmon,
yellow, yellow-green, green and green color [1,3e5]. The NCSs
produced from these color mutant strains have taken the spotlight
for their brilliance in color and easy production suitable for com-
mercial exploitation. By selective breeding in successive genera-
tions, three silkworm varieties, producing yellow, pink and green
cocoons (shown in Fig. 1A), have been small-scale commercially
cultivated in China in the recent 10 years. It should be noted that
domestic NCSs are essentially distinguished from the colored co-
coons produced by feeding domestic silkworms with the mulberrynced Textile Materials and
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Ltd. This is an open access article uleaves that are sprayedwith dye solutions [6]. The production of the
latter is considerably restricted by the physiochemical properties of
the dyes, such as molecular weights, hydrophobic-hydrophilic
balance and partition coefﬁcient [7,8].
The sericulture procedures of domestic NCS silkworms and the
main structure and properties of the raw silks are almost the same
as those of common white silk [9]. However, the processing of NCS
ﬁbers has been a difﬁcult task owing to some of their deﬁciencies.
The color of green NCS is resulted from water-soluble ﬂavonoid
glycosides [1,3,10,11], while that of pink and yellow NCSs has been
speculated to attribute to ether-soluble carotenoids [1,4,5]. These
pigments are sensitive to the elevated temperatures under which
cocoons are dried for killing the pupae and reducing moisture. The
drying process, usually rapid drying at 100e110 C for about 3 h and
then a ﬁnal slow drying at 50e70 C, can cause signiﬁcant fading of
the cocoons (picture not shown). Furthermore, color intensity be-
tween individual cocoons varies signiﬁcantly (see graphical ab-
stract). An additional procedure, classiﬁcation of the cocoons with
similar color depth prior to reel process, is therefore inevitable. In
addition, the color distribution varies signiﬁcantly along both the
length and the cross section of the silk ﬁlament. The cocoon shell,
which is built by a ﬁlament, gradually becomes lighter in color from
the outer layer to the inner layer (yellow silk cocoon for instancender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. A) Photograph of naturally colored silk cocoons with (row 2) yellow, (row 3)
pink and (row 4) green color as compared to (row 1) normal white cocoon. B) Color
appearance of the shell of yellow cocoon. C) Light microscopy image of the cross
section of yellow silk ﬁber (scale bar, 10 mm). D) Silk segments of the (left) outer,
middle, and (right) inner layer of a yellow cocoon (row 1) before and (row 2) after
degumming. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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these silks is accumulated in the surface sericin layer rather than in
ﬁbroin, the silk ﬁlament core protein (Fig. 1C). Degumming of the
silks, aiming to remove the sericin impurity for improving the
fabric hand and luster, results in almost the complete loss of the
ﬁber color (Fig. 1D).
The knowledge about the exact composition and accumulation
characteristics of the pigment in NCSs is very important for the
actual processing of NCSs. However, this information is consider-
ably limited. Currently, the information about the pigment
composition of NCSs available is obtained based on the investiga-
tion of the pigment substance in the hemolymph and silk gland of
the silkworms [3e5], rather than directly on that of the NCS ﬁbers.
The exact pigment composition in NCS ﬁbers is not really
approached. In this work, the pigment compositions of yellow silk
ﬁbers were isolated, characterized and quantiﬁed.2. Experimental
2.1. Materials and chemicals
The yellow silk cocoons were produced by a commercially color
variety (Qioufeng  Huang 3) bred by the College of Animal Sci-
ences of Zhejiang University (Hangzhou, China). Larvaewere reared
on fresh mulberry leaves in our laboratory according to standard
conditions [5]. The carotenoid standards of all-trans-neoxanthin,
all-trans-violaxanthin, all-trans-a-carotene, all-trans-b-carotene
and 9-cis-b-carotene were purchased from Pure-one Bio Technol-
ogy Co. Ltd. (Shanghai, China). All standards showed about 98%
purity, determined by high performance liquid chromatography
(HPLC). Solvents used for extraction were of analytical grade andthose for HPLC analysis and isolation were of chromatographic
grade.
2.2. Pigment extraction
Fresh cocoons were chopped to removal the pupas, and 200 g of
this was immersed in 1 L of pH 8.5 degumming solution consisting
of 0.6% sodium bicarbonate and 1% Savinase enzyme (Novozymes,
Denmark). After enzymatic degumming at 55 C for 3 h, the liquor
was separated and neutralized with 0.1 mol/L acetic acid, and then
evaporated to gummy solid at 57 C under vacuum. The obtained
gum mixture was then subjected to pigment extraction in an ul-
trasonic bath at room temperature for 1 h using 100 mL of ethanol,
the extraction was performed 3 times in order to exhaustively
extract the pigment.
2.3. Pigment analysis and isolation
The pigment compositions in the extract as well as the isolated
components below were analyzed by analytical HPLC. It was per-
formed on an Agilent 1260 Inﬁnity system (Agilent Technologies,
CA, USA) equipped with a 1260 quaternary pump, 1260 ALS auto
sampler and 1260 variable wavelength UV detector. An Agilent
Eclipse XDB-C18 column (150  4.6 mm i.d., 3.5 mm) was used at
40 C. The chromatographic mobile phase consisted of (A) water
and (B) methanol. A linear gradient elution was performed: 0 min:
5% A, 95% B; 8min: 100% B; 11min: 100%. The injection volumewas
20 mL and the ﬂow rate was 1 mL/min. Chromatograms were
recorded at 280, 440 and 480 nm.
First, the crude extract was fractionated by reverse-phase
liquid chromatography. Concentrated extract was loaded onto a
glass column (2.4  60 cm) ﬁlled with 50 mm YMC-PACK ODS-AQ
particles (YMC Separation Technology, Kyoto, Japan). The eluents,
consisting of 150 mL of 50% (aqueous), 90% (aqueous) and 100%
methanol, were pumped through the column in tandem. Only the
eluate obtained from 100% methanol was yellow in color, and all
the pigment on the column could be eluted. After that, 12.5 mg of
an orangeish-yellow mixture solid was obtained after a vacuum
concentration step. The pigment compositions obtained by this
method were the same as those extracted directly from the ﬁber
in view of their HPLC chromatograms. The pigment mixture was
ﬁnally isolated by preparative HPLC using an YMC ODS-A column
(250  10 mm i.d., 5 mm) (YMC Separation Technology, Kyoto,
Japan) equipped on the Agilent HPLC system above. The meth-
anol solution of the mixture (100 mL each time) was loaded,
followed by eluting isocratically with 97% (v/v) methanol/water
for 20 min at a ﬂow rate of 3.2 mL/min. The eluent was moni-
tored at 440 nm and collected manually according to the reten-
tion time of the components. Finally, a dominant constituent
(4.7 mg) and other ﬁve components (not weighed) were obtained
with purity higher than 98% after dried under reduced pressure.
All the puriﬁed components were obtained as golden-yellow
amorphous powder.
2.4. Pigment identiﬁcation
Nuclear magnetic resonance (NMR) spectra, including proton
(1H) NMR, carbon (13C) NMR, 1He1H correlation spectroscopy
(1He1H COSY), heteronuclear multiple bond correlation (HMBC)
and heteronuclear single quantum coherence (HSQC) spectrum
were recorded on a BrukerAvance DRX Ⅲ 500 NMR spectrometer
using a cryogenic TXI probehead (BrukerBioSpin, Rheinstetten,
Germany). DMSO-d6 was used as a solvent and TMS as internal
standard. Mass spectra were obtained on a mass spectrometer DFS
(Thermo Fisher Scientiﬁc, Bremen, Germany), working in the
Fig. 2. Chromatogram of pigment compositions from yellow silk ﬁber recorded at
440 nm. Chromatographic conditions: see text. Peak identiﬁcation is shown in Fig. 3
and Table 2.
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duced by a direct probe insertion and ionized at an electron
energy of 70 eV. UVeVis spectra were recorded on a TU-1950
spectrophotometer (Beijing Perkinje General Instrument Co., Ltd,
Beijing, China) in methanol.
2.5. Pigment quantiﬁcation
Cocoons were randomly selected for investigation of the
pigment content. Each cocoon sample was evenly divided into
three segments according to the length of the ﬁlament during
reeling, representing the outer, middle, and inner layer of the co-
coons. Each individual segment was degummed and the pigment in
the resultant degumming solution was extracted and subjected to
HPLC analysis, as described above. Quantiﬁcation of the pigment
components in the extracts was performed by comparison with a
seven-point calibration curve based on the puriﬁed components
and corresponding commercial standards. For all linear calibration
curves of the components, the r2 > 0.99, the limit of quantiﬁcation
was 0.2 mg/mL 12 cocoons were used in the measurements, and the
content of pigment was reported as microgram/gram of raw silk
segment.
2.6. Statistical analysis
Datawere reported as mean ± SD for the content of the pigment
components of the ﬁber samples. Statistical analyses were per-
formedwith the software SPSS 19.0. Correlationwas analyzed using
the Pearson procedure at a level of 5% of signiﬁcance.
3. Results and discussion
3.1. Composition of pigment extract
With a tentative extraction of the pigment of the yellow silk
performed, the yellow pigment was found to be lipophilic and
could be extracted by using weak polar solvents such as dichloro-
methane, chloroform, ethyl acetate and alcohols. However, the
pigment yield was very low when directly obtained from the ﬁber,
due to the relatively tight bond between the pigment molecules
and the ﬁber. Due to the fact that the pigment accumulates in the
sericin layer of yellow silk, efforts of extracting of the released
pigment after dissolving the silk sericin (the process called
degumming) were made. Upon extracting from the degumming
solution, the pigment could be thoroughly extracted easily using
ethanol. HPLC analysis of the extract was performed at 440 and
480 nm, which was the absorbance of the characteristic yellow-
orange color, to obtain an overview of the pigment components
of the extract. The chromatogram (Fig. 2) shows that three main
components, the area content of which account for about 85%, and
three minor components were present. There are large amounts
(approximately 20% mass of sericin layer) of small-molecule im-
purities present in the sericin of silks which consist of salt, carbo-
hydrate, free amino acids, wax and ﬂavonoids [12]. Pigment extract
containing such impurities could add difﬁculties to the isolation
work. Therefore, fractionation of the crude extract was performed
and then the pigment fraction was separated through preparative
HPLC.
3.2. Structural identiﬁcation of compound 3
It showed absorption maxima at 421, 444 and 472 nm in
methanol which was in agreement with the characteristic ab-
sorption spectra of carotenoids [13]. The compound presented a
[M]þ pseudo molecular ion peak at m/z 568.4279 in the high-resolution EI-MS, in accordance with the molecular formula of
C40H56O2. Two fragments at m/z 550 [M  H2O]þ and m/z 532
[M  2H2O]þ indicated that the two oxygen atoms were present as
hydroxyl groups. The general features of the 1H NMR spectrum
(DMSO-d6) resembled those of carotenoids [13e15], with 14
oleﬁnic proton signals, 10 methyl signals, 8 methylene signals and
two oxy methine signals. 1H and 13C NMR data, 1He1H COSY, HMBC
and HSQC experiment showed the presence of a 18-carbons con-
jugated oleﬁnic chain and two six-membered rings (b-end group
and ε-end group). The 1H and 13C NMR data, and detailed HMBC
correlations of the compound were shown in Table 1. The presence
of two secondary hydroxyl groups at C-3 (dH 3.75, dc 63.1) and C-30
(dH 4.05, dC 64.2) were revealed by the HSQC correlations and the
splitting patterns of adjacent protons. Six exocyclic methyl protons
and four methyl protons on the polyene system were assigned ac-
cording to their HMBC correlations with the adjacent carbons.
Therefore, the planar structure of compound 3 was determined as
b,ε-carotene-3,30-diol, is named lutein. Regarding the stereo-
chemistry of the compound, the large coupling constant values of
the relevant oleﬁnic protons indicated an all-trans conﬁguration of
the polylene chain. The coupling constant of J2,3 ¼ J3,4 ¼ 11.5 Hz at
H-3 (dH 3.75) suggested that the 3-glycol had a R conﬁguration.
Additionally, The compound revealed a negative Cotton effect
around 280 nm in the CD spectrum, indicating a 60-trans
configuration [15,16]. With further comparison to the published 1H
NMR data of luteins [12e14], a 3R,30R,60R conﬁguration was
determined and compound 3 was assigned as all-trans-lutein.
3.3. Identiﬁcation of the additional ﬁve compounds
The other ﬁve compounds all showed UVeVis spectrum in
agreement with the characteristic absorption spectra of caroten-
oids [13]. The NMR data of these components were not obtained
due to insufﬁcient amount of puriﬁed compound. They were
tentative identiﬁed according to the EI-MS and UVeVis spectra data
(Table 2), and further conﬁrmed by coelution with authentic stan-
dards in the HPLC system.
Compound 1 (tR¼ 1.6min) showed a [M]þ atm/z 600 (C40H56O4)
in full scan mode and fragments atm/z 582 [MH2O]þ andm/z 565
[M2H2O]þ. The fragment at m/z 502 [M18e80] þ indicated the
presence of an epoxy group, because fragment ions at m/z [M80]
is characteristic for 5,6-epoxy (or 50,60-epoxy) carotenoids which
results from the loss of a dimethylcyclobutadiene [17,18]. Other
characteristic fragments were also observed at m/z 352, 221 and
181, indicating the epoxy substituent was in ring with a hydroxyl
Table 1
NMR data of compound 3 (500 MHz, DMSO-d6).
Position dC dH (J in Hz) HMBC correlation
1 37.0 e e
2 49.0 a 1.70a
b 1.33, dd (13.0, 5.5)
C-1, C-3, C-4, C-6, C-16
C-1, C-3, C-4, C-6, C-16
3 63.1 3.75, dddd (11.5, 11.5, 4.0, 4.0) e
4 43.1 a 2.23, dd (10.5, 4.5)
b 2.27, dd (10.5, 5.0)
C-2, C-3, C-5, C-6, C-18
C-2, C-3, C-5, C-6, C-18
5 127.6 e e
6 137.5 e e
7 127.1 6.15 d (5.0) C-6
8 138.1 6.23, d (11.5) C-19
9 135.9 e e
10 131.8 6.17, d (11.5) C-12, C-19
11 125.6 6.66, dd (15.0, 4.0) C-13
12 137.9 6.42, d (15.0) C-10, C-11, C-13
13 136.7 e e
14 133.1 6.34, d (9.5) C-12, C-20
15 130.2 6.72, dd (10.5, 3.0) C-14
16 29.3 1.05, s C-1, C-2, C-6
17 30.8 1.02, s C-1, C-2, C-6
18 22.0 1.69, s C-4, C-5, C-6
19 13.6 1.89, s C-8, C-9, C-10, C-11
20 13.1 1.95, s C-12, C-13, C-14
10 34.5 e e
20 45.2 a 1.69a
b 1.25, dd (10.5, 7.5)
C-10 , C-30 , C-40 , C-60
30 64.2 4.05, m C-10 , C-30 , C-40 , C-60
C-40
40 126.0 6.14, d (4.5) e
50 137.8 e e
60 55.1 2.38, d (9.5) C-70
70 128.2 5.46 dd (9.5, 6.5) C-60 , C-90
80 137.6 6.21, d (11.5) C-190
90 135.0 e e
100 130.8 6.15, d (11.5) C-120 , C-190
110 125.6 6.66, dd (15.0, 4.0) C-130
120 137.8 6.39, d (15.0) C-100 , C-110 , C-130
130 135.3 e e
140 133.1 6.34, d (9.5) C-120 , C-200
150 130.1 6.72, dd (10.5, 3.0) C-140
160 24.5 0.91, s C-10 , C-20 , C-60
170 29.2 0.92, s C-10 , C-20 , C-60
180 23.0 1.70a C-40 , C-50 , C-60
190 13.4 1.89, s C-80 , C-90 , C-100
200 13.0 1.95, s C-120 , C-130 , C-140
a Signal overlapped.
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12 and 13, and 100 and 110 of the polyene chain, respectively [18,19].
Therefore, compound 1was tentatively deduced as 50,60-epoxy-6,7-
didehydro-5,6,50,60-tetrahydro-b,b-carotene-3,5,30-triol (named
neoxanthin). The mass spectrum was consistent with published
data [20,21]. As expected, the UVeVis spectrum of compound 1
showed almost the same absorption maxima (416, 440, 468 nm in
methanol), shape and degree of spectral ﬁne structure as that of all-
trans-neoxanthin [20].Table 2
Chromatographic, UVeVis and EI-MS spectroscopy characteristics, and content of pigme
tR (min) UVevis lmax (nm)a [M]þ (m/z) Molecular formula Main fragments
1 1.6 416, 440, 468 600 C40H56O4 582, 564, 502, 35
2 4.9 415, 440, 468 600 C40H56O4 520, 440, 352, 22
3 5.3 421, 444, 472 568 C40H56O2 550, 532, 458, 44
4 6.7 424, 444, 476 536 C40H56 480, 444, 430, 38
5 7.1 425, 450, 476 536 C40H56 444, 430, 399, 10
6 7.3 420, 446, 472 536 C40H56 444, 430, 399, 10
a Obtained in methanol.
b n ¼ 12.
c 1st, 2nd and 3rd segment represent the outer-, middle-, and inner-layer segment ofCompound 2 (tR ¼ 4.9 min) revealed a molecular ion at m/z 600
(C40H56O4) and fragments at m/z 352, 221, and 181, which were
identical those of compound 1. However, characteristic fragments
at m/z 520 [M80]þ and m/z 440 [M80e80]þ allowed an easy
distinction from compound 1. These two fragments suggested the
presence of two epoxy groups as described above. Therefore, with
two end groups containing a hydroxyl and an epoxy substituent,
compound 2 was undoubtedly assigned as 5,6,50,60-diepoxy-
5,6,50,60-tetrahydro- b,b-carotene-3,30-diol (named violaxanthin).
The maxima wavelengths (415, 440, 468 nm in methanol) and
spectral ﬁne structure were in agreement with the data of all-trans-
violaxanthin [20].
Compound 4 (tR¼ 6.7min) showed amolecular ion atm/z 536 in
accord with the molecular formula of C40H56. The assignment was
conﬁrmed by the presence of two unique fragment ions at m/z 480
[M56]þ and 388 [M148]þ, which in combination with other
characteristic fragments, such as m/z 440 [M92]þ, 430 [M106]þ
and 374, can be used to distinguish a-carotene from other struc-
tural isomers [17]. Additionally, the UVeVis absorption spectrum
with lmax at 424, 444, and 476 nm and the spectral ﬁne structure
agreed with that of all-tans-a-carotene described before [22]. Thus,
compound 4 was identiﬁed as all-tans-a-carotene.
Compound 5 (tR ¼ 7.1 min) and 6 (tR ¼ 7.3 min) presented the
same molecule ion at m/z 536 (C40H56) as well as identical frag-
ments with inconsistent intensity peaks. Both presented typical
mass fragments at m/z 444 [M92]þ, 430 [M106]þ and 399
[M137]þ, were typical of b-carotene and corresponded to the loss
of toluene, xylene and a terminal ring plus a methylene group,
respectively [17]. However, the stereoisomers showed UVeVis
spectra distinguished from each other. Compound 5 showed lmax
values at 425, 450 and 476 nm, which were higher than those of
compound 6 (420, 446, 472 nm). The UVeVis features of compound
5 and 6were in accord with those of all-trans-b-carotene and 9-cis-
b-carotene, respectively, which were isolated from guava and pre-
viously identiﬁed by NMR [14]. They were thus identiﬁed as all-
trans-b-carotene and 9-cis-b-carotene. The chemical structure of
these pigment components was shown in Fig. 3.
Carotenoids cannot be synthesized by animals which must be
obtained from the diet. The six carotenoids in yellow silk ﬁber are
all constituents of the carotenoids in mulberry leaves [23e25].
Apparently, the pigment substances of yellow silk are not pro-
duced by the silkworm itself but from the diet, mulberry leaves. It
is noteworthy that the pigment components identiﬁed from the
ﬁber in this study are much more than those from the hemolymph
and silk gland of the silkworm, in which the sole lutein and it
coupled with b-carotene was previously found, respectively [4,26].
The pigment components in the hemolymph, silk gland and silk
ﬁber would have been the same because the uptake of pigments in
the silk ﬁber obeys the following transport routine: the caroten-
oids were absorbed from dietary mulberry leaves, transferred
from the midgut to the silk gland via the hemolymph, andnt components in yellow silk ﬁber.
(þ) (m/z) Identiﬁcation Content (mg/g ﬁber)b
1st segmentc 2st Segment 3st Segment
2, 221, 181 All-trans-neoxanthin 7.0 ± 2.9 3.7 ± 1.5 2.3 ± 0.9
1, 181, 105 All-trans-violaxanthin 11.3 ± 5.1 6.6 ± 3.3 3.4 ± 1.5
0, 119, 105 All-trans-lutein 124.1 ± 50.5 65.8 ± 28.8 25.6 ± 8.7
8, 374 All-trans-a-carotene 40.6 ± 18.3 24.4 ± 7.9 10.2 ± 2.8
5 All-trans-b-carotene 31.2 ± 15.0 13.6 ± 5.5 7.3 ± 4.0
5 9-cis-b-carotene 5.4 ± 2.4 3.1 ± 0.9 1.7 ± 0.6
the cocoon, respectively.
Fig. 3. Chemical structures of pigment composition 1e6.
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different results probably resulted from the signiﬁcant difference
in the solvent used for extracting the pigment components. In this
study, pigments were exhaustively extracted using ethanol, full
than those obtained by using acetone/ether and n-hexane,
respectively [4,26].
3.4. Quantiﬁcation of pigment components
To investigate the content and distribution of the pigment in the
yellow silk, the pigment extracts from the segment of the outer
layer, middle layer and inner layer of the cocoons were analyzed by
HPLC. As shown in Table 2, all-trans-lutein constituted the principal
pigment composition, accounting for 55.5% of the total pigment
content of a cocoon shell, the following was all-trans-a-carotene
(19.2%), all-trans-b-carotene (13.5%), all-trans-violaxanthin (5.5%),
all-trans-neoxanthin (3.4%) and 9-cis-b-carotene (2.9%). However,
these pigment components distributed unevenly along the ﬁla-
ment, their content reduced markedly from the outer layer to the
inner layer of the cocoon shell. For example, the content of all-trans-lutein accumulated in the middle layer (66 ± 29 mg/g) and
inner layer (26 ± 8 mg/g) was 1.9 times and 4.8 times lower than
that in the outer layer (124 ± 50 mg/g), respectively. The result
agrees well with the fact that the color of the cocoon shell lightens
gradually from the outer to inner layer as shown in Fig. 1B. In
addition, not only the content of the individual component but also
that of the total carotenoids present in the segments, varies
signiﬁcantly between individual cocoon shell, as relatively higher
standard deviations were observed. This is probably resulted from
the difference in the uptake property of silkworms towards the
carotenoids. Actually, to some extent, remarkable difference in
color depth between cocoon shells has introduced hitch to the
processing and application of naturally colored silks. As mentioned
above, classiﬁcation of the cocoons with similar color depth is
needed before the reeling procedure.4. Conclusions
The unstable color properties have hindered the development of
naturally colored silks for use in textile industry. In this study we
have determined that the pigment in the yellow silk is comprised of
six carotenoids. The pigments of yellow silk were accumulated in
the surface sericin layer rather than in silk ﬁbroin layer, and
exhibited a remarkable decrease in individual and total content in
the outer layer, middle layer and inner layer of the cocoon shell as
determined by analyzing the reeled ﬁber from one end to the other.
Since the sericin of raw silk, and therefore the carotenoid pigments
in it, is easily lost during domestic laundering, improving the
fastness of the sericin of NCSs is necessary. Fixing of the fabric color
of yellow silk by chemical cross-linking of the sericin protein
molecules using suitable agents and conditions and simultaneously
preventing the change in pigment structure could be achieved
more easily on the basis of the chemical characteristics of the
carotenoid pigments identiﬁed in this study. In conclusion, the
chemical structure and properties of the pigments in NCSs are
fundamental issues for the research, processing and utilization of
these ecological textile materials. The results presented here would
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